Photoluminescence was studied in GaAs/AlGaAs nanowires (NWs) with different radial heterostructures. We demonstrated that manipulation of the emission energy may be achieved by appropriate choice of the shell structure. The emission at highest energy is generated in the NWs with tunneling thin AlGaAs inner shell and thin GaAs outer shell due to recombination of the photoexcited electrons confined in the outer shell with the holes in the core. Lower energy emission was shown to occur in the NWs with thick outer shell grown in the form of a short-period GaAs/AlGaAs multiple quantum well structure. In this case, the tunneling probability through the multiple quantum wells controls the energy emitted by the NWs. The doping of core results in dominated low energy emission from the GaAs core. V C 2014 AIP Publishing LLC. [http://dx
INTRODUCTION
Possibility to combine different materials in semiconductor heterostructures allow bandstructure engineering and manufacture of wide variety of electronic devices. Along this line, semiconductor heterostructure nanowires (NW) propose great advantages as compared to planar semiconductor heterostructures, because the mismatch strain between blocks of thin heterostructure NWs, formed by different materials, is accommodated and does not result in dislocations. 1 Therefore, a great variety of component semiconductor materials may be employed to fabricate devices based on heterostructure NWs, which results in wide diversity of their electronic properties. For this reason, such one-dimensional heterostructures open new fields both in applications and in fundamental physics. The synthesis of radial and axial multilayer heterostructures was demonstrated in Refs. 2 and 3. Both these types cause modification of the electronic properties of semiconductor heterostructure NWs, band gap engineering, important in device applications in nanoscale photonics, and electronics. In GaAs based NWs, due to the relatively short diffusion length of Ga, realization of radial multishell NW structure is more simple. The simplest realization of a radial heterostructure NW is the core-shell NW. Encapsulation of a core NW by a higher-bandgap shell provides passivation of surface states, where nonradiative recombination of photoexcited electrons and holes is prevalent, thus significantly enhancing the emission efficiency. 4 Contemporary state of the art allows for fabrication electronic devices based on axial heterostructure NWs, such as vertical transistors, 5 resonant tunneling diods, 6, 7 single-electron transistor, 8, 9 tunneling field-effect transistor, 10 and radial heterostructure NWs such as core-shell NW transistor, 3 Josephson junction, 11 memory devices, 12 and high efficiency photovoltaic devices. 13, 14 An extensive recent review on NW heterostructure device application can be found in Ref. 15 .
In NWs the effect of the radial built-in electric field, responsible for a surface depletion, is crucial. 16 It results in spatial separation of the photoexcited electrons and holes: the electrons tend to the center of the core, while the holes move to a peripheral part of a NW. As a consequence of such charge separation, the probability of radiative recombination decreases. In our recently published articles, [17] [18] [19] where we studied optical properties of radial heterostructure core/inner shell/outer shell GaAs/AlGaAs/GaAs NWs, we demonstrated that a thin potential barrier produced by the inner AlGaAs shell causes accumulation of the photoexcited electrons and holes in vicinity of the barrier. In such a case, the electrons are confined at the heteroboundary between the outer GaAs shell and the inner AlGaAs one, while the holes reside in the GaAs core. We showed that when the inner AlGaAs shell is atomic scale thin and tunneling transparent, the photoexcited electrons and holes efficiently recombine and in such core/inner shell/outer shell NWs the photoluminescence (PL) intensity was found considerably higher than in simple core/shell NWs. It was also shown that the PL due to electrons confined in the core/inner shell/outer shell structure is much more robust against the temperature, as compared to the PL caused by bulk-like electrons in the core/shell NWs. Thus, a fundamental role of the double structure of the shell which allows controlling the emission energy and dynamics of photoexcited carriers and further increase the emission intensity was demonstrated. In the present study, we report on an additional benefit of such heterostructure NWs, that is, a special design of the outer shell which helps controlling the optical response of semiconductor heterostructure NWs.
In the studied here NWs the outer shell was composed of a short-period multiple quantum wells (MQW). MQWs confine electrons and do not allow them to migrate to the tunneling transparent AlGaAs barrier, which separates the core from the outer shell. As a consequence, the electrons and holes photoexcited in the outer shell reside in multiple wells, where they recombine. Variation of the period results in a corresponding change of the quantization energy and the tunneling rate across the MQW, which sets up additional degrees of freedom in determination of the spectral response of devices based on heterostructure NWs. Recently, a similar 0021-8979/2014/115(11)/114312/5/$30.00
V C 2014 AIP Publishing LLC 115, 114312-1 structure of core/shell NWs was suggested in Ref. 20 where a single thin nanometer scale CaAs quantum well was embedded inside a thick AlGaAs shell of a GaAs/AlGaAs core/-shell NWs. In such NWs both the photoexcited electrons and holes were found confined in the thin tube-like GaAs quantum well where they recombine. In this case, extreme quantization of the photoexcited carriers caused significant enhancement of PL intensity. It ought to be also mentioned that the manipulation of the emission energy was demonstrated in axial GaAs/AlGaAs multilayer NWs in Ref. 21 , where considerable shift of the PL energy with respect to the GaAs NWs was detected.
EXPERIMENTAL
We study the GaAs/AlGaAs based semiconductor heterostructure NWs consisted of the GaAs core, the Al 0.3 Ga 0.7 As inner shell and the outer shell composed of a GaAs layer or GaAs/Al 0.3 Ga 0.7 As short-period MQW. The NWs were grown on (111) Si substrates by molecular beam epitaxy using gold as the catalyst. A growth temperature was 600 C, while a background As 4 flux was 5 Â 10 À7 millibars at a Ga rate equivalent to a planar growth 2 Å /s. Scanning electron microscopy measurements provide for the average NW diameter and the length 200-800 nm and up to 15 lm, respectively. The GaAs core was grown during 30 min. Most of the samples studied here were undoped core/inner shell/outer shell NWs, while in some samples the GaAs core was doped with Si. The shell consisted of five periods each composed of Al 0.3 Ga 0.7 As and GaAs layers. The NWs with different periods of the MQW shell were fabricated. In all the samples, GaAs shell layers were grown during a time equivalent to a planar growth of 90 nm thick GaAs, while in different samples the thicknesses of Al 0.3 Ga 0.7 As layers varied as corresponding to a planar growth of 90 nm, 270 nm, and 360 nm thick Al 0.3 Ga 0. 7 As. An energy-dispersive x-ray spectroscopy (EDS) structural analysis performed in Ref. 18 in core-inner shell-outer shell GaAs/Al 0.3 Ga 0.7 As/GaAs NWs, with the inner shell grown equivalently to a planar growth of 90 nm thick Al 0.3 Ga 0.7 As s layer, definitely showed a presence of Al in the inner shell. Roughly, the thickness of the Al 0.3 Ga 0.7 As inner shell was estimated as equal to 5-10 monolayers. Moreover, high-resolution transmission electron microscopy (TEM), Raman scattering of lattice vibrations and PL measurements demonstrated formation of segments of crystallized in zincblende and wurtzite phases. It was shown that the PL is dominated by the emission from zincblende phase, 18 which is a subject of this study. The samples were cooled down to the temperature 4.2 K in a cryogenic optical cryostat and the 3.84 eV line of an Kr þ laser was used for excitation. The PL emission was collected from an ensemble of NWs by Ocean Optics, Inc. HR4000 high-resolution spectrometer. The estimate of the power density was performed using the area of the laser spot focused on the sample equal to 3 mm 2 .
RESULTS AND DISCUSSION
The scanning electron microscopy image of the studied NWs is shown in Fig. 1 , while the energy structures caused by internal electric field corresponding to the NW with the outer shell in the form of a GaAs layer and a GaAs/Al 0.3 Ga 0.7 As short-period MQW are depicted in the left and right sides of the inset of Fig. 2 , respectively. The photoexcited electrons accumulate in the center of the GaAs core and at the heteroboundary between the outer shell and the inner Al 0.3 Ga 0.7 As shell, while the photoexcited heavy holes accumulate at the heteroboundary between the GaAs core and the inner Al 0.3 Ga 0.7 As shell. The regions where photoexcited carriers are accumulated define the recombination channels responsible for photoluminescence. Thus, as it has been already found in Ref. 17 , recombination of photoexcited electrons accumulated at the center of the core with holes occurs at a characteristic energy smaller than the GaAs gap (denoted as PL1). Due to the internal electric field, this emission is expected to occur in a broad energy interval. In the case of a thin enough tunneling transparent inner shell, another recombination, which involves outer-shell electron levels and the holes accumulated at the inner heteroboundary, may arise at energy higher than the GaAs gap energy (denoted as PL2). When the outer shell is sufficiently thick, a direct electron-hole recombination may take place in the outer shell. In such a case a structure of the outer shell should control the related emission.
The PL spectra measured in the core/inner shell/outer shell NWs with different radial structures are shown in Fig.  2 . Basing on our earlier studies, [17] [18] [19] two PL lines (PL1 and PL2) observed in the undoped NWs with the outer shell formed by a GaAs layer were attributed to the recombination between the photoexcited electrons and holes in the GaAs core and between the photoexcited carriers confined in the range of the inner shell, respectively. The presented identification of the PL lines was supported by corresponding modifications of the PL1 and PL2 emissions observed in NWs with different inner shell/outer shell structures and by their temperature and temporal dependences. Typically, the intensity of the PL1 line is found weaker than the one of the PL2 line. Similar lines were found in NWs with identical structure, but with doped GaAs core. A representative PL spectrum of the NWs with the doped core is shown in Fig. 2 . In this case, contrary to the undoped NWs, the intensity of the PL1 due to the recombination in the core becomes much stronger. This is distinctive consequence of doping which enhances radiative recombination between the electrons and the holes in the doped core.
The PL spectra obtained in two NW samples with different MQW outer shell structures are also shown in Fig. 2 . The emissions from these NWs reveal the spectra similar to the one observed in the NWs with the GaAs outer shell, but with the PL2 line shifted to lower energy range, labeled now as the PL3 line. In the NWs with the MQW outer shell formed by five periods of Al 0.3 Ga 0.7 As with the nominal widths 90 nm/360 nm, respectively (indicated in Fig. 2 as MQW1 ), the energy of the PL3 line well corresponds to the emission from bulk GaAs. Therefore, we conclude that in this case the electrons and holes photoexcited in the MQW outer shell do not migrate and instead, they are confined in corresponding quantum wells. Thus, PL3 line relates to the direct recombination in thick isolated GaAs quantum wells formed in the outer shell. In the NWs with the nominal periods 90 nm/90 nm (indicated in Fig. 2 as MQW2) , where the width of the Al 0.3 Ga 0.7 As barrier is the same as the width of the tunneling transparent barrier in the GaAs/Al 0.3 Ga 0.7 As/GaAs core/inner shell/outer shell NWs, the position of the PL3 line is closer to the PL2 line. In this case, due to the tunneling transparent barriers, the multiple quantum wells are coupled and the photoexcited electrons may migrate to the boundary between the core and the shell, where they recombine with the holes in the core, similar to the process described in the GaAs/Al 0.3 Ga 0.7 As/GaAs core/inner shell/outer shell NWs. Therefore, we conclude that when the electrons photoexcited in the outer shell are able to reach the tunneling transparent AlGaAs barrier, which separates the core from the outer shell, they may recombine with the holes in the core (the recombination indicated in the inset of Fig. 2 as PL2 ). This process takes place when the outer shell is formed by GaAs or by MQW with tunneling transparent barriers. On the contrary, when the barriers of the outer shell MQW are thick, the photoexcited electron-hole pairs reside in the quantum wells where they recombine (the recombination indicated in the inset of Fig. 2 as PL3) . Hence, a variation of the tunneling probability of the outer shell MQW allows for the control of the NW energy emission. As a consequence of the presented manipulation with the outer shell structure the energy emission tuning is demonstrated.
The PL data obtained in the NWs with the outer shell short-period MQW1 excited by different laser power are depicted in Fig. 3(a) , while the spectrum measured at the excitation power density 15.6 W/cm 2 is shown in Fig. 3 (b) together with the best fit obtained using the Gaussian lines. Four PL lines contribute to the total emission of the NWs. According to the Ref. 17 , they are identified as the results of the direct recombinations in zincblende and wurtzite segments (PL1 ZB , PL2 ZB , and PL1 WZ ) and indirect spatially separated recombination between zincblende and wurtzite segments (PL ZB-WZ ). The inset of Fig. 3(a) shows the integrated PL intensities of the PL1 ZB , PL2 ZB lines as functions of the excitation power density. Similar results were obtained in the NWs with the GaAs outer core. The analysis of these PL data shows that (i) the characteristic energies of the observed PL lines do not change with the excitation power and (ii) the dependence of the integrated PL intensity on excitation power is linear. These results imply that the dominant emission in the studied here NWs is due to free-exciton recombination, which is characteristic of defect free NWs.
The doping on NW was recently comprehensively studied in Refs. 22-25. We mostly focus on the effect of the NW core doping on PL of the studied here semiconductor heterostructure NWs, which is demonstrated in Fig. 4 . As expected, the increasing doping concentration and, as a consequence, the increasing Fermi energy causes a blue-shift (MossBurstein effect) of the photoluminescence energy emitted by the core. The nominal doping levels depicted in Fig. 4 correspond to a doping of three-dimensional epitaxial GaAs film. Assuming the Fermi energy given by the width of the corresponding PL line at half-maximum (which is roughly corresponds to the energy distance between the bottom of the conduction band and the Fermi level), we determined the Fermi energy as a function of the nominal doping. These data are compared with the Fermi energies obtained in Si doped GaAs epitaxial films in Ref. 26 . A good agreement observed between the Fermi energies found in NWs and in epitaxial GaAs films suggests that the incorporation of Si in the NW GaAs core takes place in the same form as during the growth of epitaxial films.
Finally, the effect of the temperature on PL in the NWs with the MQW outer shell is shown in Fig. 5 . As in the case of the core/inner shell/outer shell GaAs/AlGaAs/GaAs NWs with thin outer shell, 17 the core related emission (PL1) vanishes when the temperature approximates 100 K, while the emission PL3 remains significant even at higher temperatures. The same robust temperature behavior of the PL2 and PL3 lines proves their identical character. Thus, similar to the core/inner shell/outer shell GaAs/AlGaAs/GaAs NWs, the different temperature behavior of the PL1 and PL3 lines is likely due to the change in the thermal distribution of the electrons between the valence band states and shallow acceptor levels (not shown in the inset of Fig. 2 ).
CONCLUSION
Final comment, one of the serious problems of selforganized growth is nonuniformity. In the case of NWs grown by molecular beam epitaxy using gold as the catalyst, in the same sample, the factor of NW width variation is about 3-5. It does not influence significantly width of the emission spectral range, because the NWs width is still large and does not result in quantization energy of photoexcited carriers. The energy quantization is the fundamental phenomenon which allows controlling properties of electronic devices. However, even if achieving thin enough width of self-assembled NWs, their nonuniformity will not permit to use it in device applications. On the contrary, the structure of the NW shell can be well controlled on atomic scale. We demonstrated that appropriate choice of the NW shell makes the shell responsible for a major part of the PL emission. In the presented work, PL emission was studied in radial GaAs/AlGaAs semiconductor heterostructure NWs with different compositions. The high energy emission observed from the core/inner shell/outer shell GaAs/AlGaAs/GaAs NWs with tunneling transparent AlGaAs inner shell and thin GaAs outer shell is dominated by recombination of the photoexcited electrons confined in the outer shell with the holes in the core. Intermediate energy emission was shown to occur in the NWs with thick outer shell grown in the form of a short-period GaAs/AlGaAs MQW structure. In this case manipulation with the tunneling rate of the MQW barriers allows for tuning the emission energy. Our data suggest that the doping of the GaAs core occurs in the same way as for epitaxial GaAs film and it results in rising intensity of the low energy emission from the GaAs core. Thus, the proposed structure of radial heterostructure NWs allows easy control of NW emission energy. 
